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Suppression of electrical conductivity and switching of conduction 
ŵĞĐŚĂŶŝƐŵƐŝŶ ?ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ? ?EĂ0.5Bi0.5TiO3)1-x(BiAlO3)x  ? ?чx ч
0.08) solid solutions  
F. Yang,a,  ? P. Wua and D. C. Sinclaira,  ? 
(Na0.5Bi0.5TiO3)1-x(BiAlO3)x  ? ?A? x A? ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐǁĞƌĞƉƌĞƉĂƌĞĚďǇƐŽůŝĚƐƚĂƚĞƌĞĂĐƚŝŽŶĂŶĚƚŚĞŝƌĞůĞĐƚƌŝĐĂůƉƌŽƉĞƌƚŝĞƐ
established by ac impedance spectroscopy and electromotive force transport number measurements.  Incorporation of 
BiAlO3 (BA) decreases the electrical conductivity of Na0.5Bi0.5TiO3 (NBT) and with increasing x sequentially changes the 
conduction mechanism from predominant oxide-ion conduction, to mixed ionic-electronic conduction and finally to 
predominant electronic conduction. The suppressed oxide-ion conduction by BA incorporation significantly reduces the 
dielectric loss at elevated temperatures and produces excellent high-temperature dielectric materials for high BA contents. 
Possible reasons for the suppressed oxide-ion conduction in the NBT-BA solid solutions are discussed and we propose the 
local structure, especially trapping of the oxygen vacancies by Al3+ on the B-site, plays a key role in the oxide-ion conduction 
ŝŶƚŚĞƐĞĂƉƉĂƌĞŶƚůǇ ‘ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ?Ed-based solid-solution perovskite materials. 
Introduction 
        Sodium bismuth titanate, Na0.5Bi0.5TiO3 (NBT), is considered 
a promising lead-free piezoelectric/ferroelectric material to 
replace lead zirconate titanate (PZT) because of its high Curie 
temperature (Tc ~ 325 °C), relatively high remnant polarization 
(Pr A䄃? ?ʅĐŵ-2) and piezoelectric constant (d33 = 73 pC N-1).1-3 
NBT was first reported in the 1960s and has received increasing 
attention in recent years driven by the surge in developing lead-
free materials.4 One major drawback of NBT as a 
piezoelectric/dielectric material can be its high electrical 
conductivity which leads to high dielectric loss (tan ɷ ) ĂŶĚ
leakage currents at elevated temperatures.1 Many studies have 
been carried out to modify the electrical properties of NBT by 
forming solid solutions with other perovskites,5-13 among which 
the NBT-BiAlO3 system was reported to present excellent 
ferroelectric and piezoelectric properties compared with 
NBT.12,13 
        BiAlO3 (BA) is a relatively new high Tc lead-free ferroelectric 
material.14-16 Its large ferroelectric polarization and 
piezoelectricity were first predicted using density functional 
theory by Baettig et al. 14 and later confirmed by 
experiments.15,16  BiAlO3 has a rhombohedral perovskite-type 
structure at room temperature with Al3+ on an octahedral site. 
It has a Tc > 520 °C, d33 = 28 pC N-1, Pr A? ? ? ?ʅĐŵ-2 at room 
ƚĞŵƉĞƌĂƚƵƌĞǁŚŝĐŚŝŶĐƌĞĂƐĞƐƚŽ ? ? ? ?ʅĐŵ-2 at 225 °C.15 BiAlO3 
can only be prepared under high pressure (e.g., 6 GPa) and it 
decomposes around 550 °C; however, it can be partially 
stabilized by forming solid solutions with other perovskite 
materials such as BaTiO3 17 and NBT 12, 13, 18, 19 to modify the 
structure and properties of the host. 
        (NBT)1-x(BA)x solid solutions have been studied by several 
researchers. Yu and Ye 12 reported the NBT-BA system can 
remain single phase up to x = 0.08. They found incorporation of 
BA into NBT enhanced Pr and d33, decreased Ec and significantly 
reduced the dielectric loss at elevated temperatures.  
Watanabe et al. 18 also reported a solid solution limit of 8% for 
BA in NBT and an increased d33 with increasing x. Ullah et al. 13 
reported optimised ferroelectric and piezoelectric properties at 
x = 0.05 and a rhombohedral to pseudocubic phase transition at 
x = 0.075. Manotham et al. 19 compared the properties of 
(NBT)0.94(BA)0.06 ceramics prepared by two-step sintering and 
conventional sintering. Peng et al. 20 combined results from 
dielectric measurements and transmission electron microscopy 
to suggest co-existence of ferroelectric and anti-ferroelectric 
phases in (NBT)0.92(BA)0.08 ceramics. The above studies focus 
mainly on the improvement of ferroelectric/piezoelectric 
properties of NBT by BA incorporation. There is little 
information about the effect of BA on the electrical conductivity 
and conduction mechanism of NBT, which are critical to the 
dielectric loss and leakage current of NBT. 21-23 
        Our previous studies have shown that NBT displays a 
variety of electrical behaviour.21-24 The nominally stoichiometric 
NBT (nominal Na0.5Bi0.5TiO3; NB0.50T), presents high conductivity 
with an oxide-ion transport number tion ~ 0.9 at 600  - 800 °C. As 
tion is the fraction of the total current carried by oxygen ions, 
such a high tion suggests the electrical conduction is dominated 
by oxygen ions. The predominance of oxide-ion conduction (as 
opposed to sodium ion or electronic conduction) in NB0.50T has 
been further confirmed by 18O tracer diffusion measurements. 
The high oxide-ion conductivity in NB0.50T is attributed to 
a.
 Department of Materials Science & Engineering, University of Sheffield, Mappin 
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oxygen vacancies generated through low levels of Bi2O3 loss 
during ceramic processing according to the Kroger-Vink 
equation, 
32
''' 3232 OBiVVOBi OBi
x
O
x
Bi o xx                    (1) 
as well as the high oxygen ion mobility associated with highly 
polarized Bi3+ ions and weak Bi-O bonds.25 Bi-deficient NBT 
(nominal Na0.5Bi0.49TiO2.985; NB0.49T) presents higher 
conductivity with tion > 0.9 due to generation of additional 
oxygen vacancies. In contrast, the oxide-ion conductivity is 
suppressed in Bi-excess NBT (Na0.5Bi0.51TiO3.015; NB0.51T) as the 
excess Bi2O3 in NB0.51T can compensate for Bi2O3 loss during 
processing, thus NB0.51T exhibits low levels of electronic 
conduction with an activation energy of ~ 1.6 eV which is close 
to half of the band gap of NBT.26 The predominant electronic 
conduction in NB0.51T is confirmed by a tion < 0.1 at 600- 800 °C. 
Later work shows a further increase in the starting Bi-excess 
content (for example, Na0.5Bi0.52TiO3.03; NB0.52T) can reintroduce 
oxide-ion conductivity into NBT. NB0.52T shows mixed 
conduction behaviour with comparable contributions from 
oxide-ion conduction and electronic conduction showing a t ion 
close to 0.5, which is possibly linked to a change in the Bi-
content in the NBT main phase or a space charge effect because 
of the presence of a Bi-rich secondary phase.23 
        Mixed ionic-electronic conduction followed by low levels of 
electronic conduction and therefore excellent high temperature 
dielectric behaviour was also observed for Nb-doped NBT. This 
study was based on Nb-replacing Ti on the B-sites with 
ŝŶĐŽƌƉŽƌĂƚŝŽŶŽĨƚŚĞĞǆĐĞƐƐŽǆǇŐĞŶ ‘ĨŝůůŝŶŐ ?ƚŚĞŽǆǇŐĞŶǀĂĐĂŶĐŝĞƐ
associated with Bi2O3 loss during processing.23 Based on the 
ŵĂŐŶŝƚƵĚĞŽĨďƵůŬĐŽŶĚƵĐƚŝǀŝƚǇ ?ʍb and tion values, we concluded 
that undoped NBT and Nb-doped NBT can exhibit three types of 
electrical behaviour: Type I, predominant oxide-ion conduction, 
ŚŝŐŚ ʍb, tion ~ 0.9; Type II, mixed ionic-electronic conduction, 
ŝŶƚĞƌŵĞĚŝĂƚĞ ʍb, tion ~ 0.5; Type III, predominant electronic 
ĐŽŶĚƵĐƚŝŽŶ ? ůŽǁ ʍb, tion < 0.1. These three types of electrical 
ďĞŚĂǀŝŽƵƌ ĐĂŶ ďĞ ĐůĞĂƌůǇ ĚŝƐƚŝŶŐƵŝƐŚĞĚ ĨƌŽŵ ƚŚĞ ƚĂŶɷ-T 
relationship (measured at 1 MHz). Type I NBT shows a sharp rise 
ŽĨƚĂŶɷǁŝƚŚŝŶĐƌĞĂƐŝŶŐƚĞŵƉĞƌĂƚƵƌĞĂŶĚƚĂŶɷĞǆĐĞĞĚƐ ? ? ?Ăƚ ?
350 °C. In contrast, Type III presents ůŽǁ ƚĂŶɷ ŝŶ Ă ǁŝĚĞ
temperature range (< 0.02 from 300 to 600 °C), making it an 
excellent high-temperature dielectric material. In between Type 
/ĂŶĚ/// ?dǇƉĞ//ƐŚŽǁƐůŽǁƚĂŶɷŝŶĂŶĂƌƌŽǁƚĞŵƉĞƌĂƚƵƌĞƌĂŶŐĞ
and a steep rise above ~ 500 °C to exceed 0.1 at 600 °C.  
          The above findings not only reveal the electrical 
conduction mechanisms of NBT but also show the flexibility in 
tailoring the properties of NBT for various applications such as 
piezoelectric/dielectric devices, oxide-ion conductors and 
mixed ionic-electronic conductors. Here, the electrical 
conductivity and conduction mechanism of (NBT)1-x(BA)x  ? ?A䜀 x 
A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐǁĞƌĞƐƚƵĚŝĞĚďǇŝŵƉĞĚĂŶĐĞƐƉĞĐƚƌŽƐ ŽƉǇ
and electromotive force measurements. The purpose is not only 
to investigate the effect of BA on the electrical conductivity of 
NBT, but also to further understand the factors that control the 
oxide-ion conduction in NBT to tailor its electrical properties. 
The results show that BA incorporation decreases the electrical 
conductivity of NBT and changes the conduction mechanism 
from predominant oxygen-ion conduction to ionic-electronic 
mixed conduction and then to predominant electronic 
conduction with increasing BA content. The suppressed 
conductivity and changes in conduction mechanisms 
significantly reduces the dielectric loss at elevated 
temperatures to make NBT an excellent high-temperature 
dielectric material. This study provides an alternative approach 
to fine-tune the electrical properties of NBT as opposed to 
manipulating the A-site Na/Bi non-stoichiometry in undoped 
materials or by B-site Nb donor doping. 
Experimental 
        (Na0.5Bi0.5TiO3)1-x(BiAlO3)x  ? ?A?x A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐǁĞƌĞ
prepared by a solid state reaction method using Na2CO3 (99.5%, 
Fisher chemical, UK), Bi2O3 (99.9%, Acros Organics, USA), TiO2 
(99.9%, Sigma Aldrich, UK) and Al2O3 (99.95%, Alfa Aesar, UK) as 
starting materials. Prior to weighing, the raw powders were 
dried overnight at 300 °C for Na2CO3 and Bi2O3, 800 °C for TiO2 
and 900 °C for Al2O3. Appropriate amounts of each precursor 
were weighed and mixed thoroughly in iso-propanol using 
yttria-stabilised zirconia grinding media for 6 h. The mixture was 
dried at 85 °C overnight, sieved and calcined at 850 °C for 2 h. 
The resultant powder was subjected to a second round of ball 
milling, drying, sieving and calcined at 900 °C for 2 h. After a 
third round of milling, drying and sieving, the final powder was 
compacted into pellets by uni-axial cold pressing followed by 
isostatical pressing at 200 MPa. Pellets were embedded in 
sacrificial powder of the same composition and sintered at 1175 
°C for 2 h in air. For pure NBT, powder was calcined at 800 °C 
twice and the pellet was sintered at 1150 °C. After sintering, 
pellets were ground on SiC sand paper to remove the sacrificial 
powder. Pellets ~ 0.85 cm in diameter and ~ 0.15 cm in thickness 
were used for impedance and LCR measurements.   
         ĞƌĂŵŝĐ ĚĞŶƐŝƚǇ ǁĂƐ ŵĞĂƐƵƌĞĚ ďǇ ƚŚĞ ƌĐŚŝŵĞĚĞƐ ?
method and compared to the theoretical X-ray density. Phase 
purity was examined by X-ray diffraction on crushed pellets 
using a high resolution STOE STADI-P diffractometer (STOE & Cie 
'ŵď, ? ĂƌŵƐƚĂĚƚ ? 'ĞƌŵĂŶǇ ) ŽƉĞƌĂƚŝŶŐ ǁŝƚŚ Ƶ<ɲ1 radiation 
with a linear position-sensitive detector. Before measurement 
the crushed pellets were annealed at 400 °C for 4 h to eliminate 
any residual stress caused by crushing and grinding. Structural 
ƌĞĨŝŶĞŵĞŶƚǁĂƐĐĂƌƌŝĞĚŽƵƚĨŽƌƌĞĨůĞĐƚŝŽŶƐŝŶƚŚĞƌĂŶŐĞŽĨ ? ? ?A䜀 
 ?ɽ A?  ? ? ? ƵƐŝŶŐ yW'h/.27, 28 Ceramic microstructures were 
observed by scanning electron microscopy on thermally-etched 
surfaces using a Philips XL30 SEM. Compositions were obtained 
by energy dispersive X-ray spectroscopy (EDS) on carbon-coated 
polished surfaces (without thermal etch). Raman spectroscopy 
measurements were carried out using a 514 nm Ar laser line in 
a Renishaw inVia Raman microprobe system.  
         Electrical properties of the pellets were obtained from ac 
impedance spectroscopy using an Agilent E4980A impedance 
analyser (Agilent Technologies Inc., Palo-Alto, CA; frequency 
range: 1 MHz to 20 Hz) and/or a Solarton 1260 system 
(Solartron Analytical, UK; frequency range 1 MHz to 0.1 Hz). 
Before measurements, Au paste was painted to cover both 
surfaces of the pellets and then fired at 800 °C for 2 h to serve 
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as electrodes.  Impedance measurements were carried out in 
flowing N2, air and O2 from 400 - 800 °C at increments of 50 °C. 
The equilibrium time between each measurement was 30 
minutes. Equivalent circuit fitting was performed using ZView 
software (Scribner Associates, Inc, Southern Pines, NC). 
Dielectric properties were measured using an LCR meter 
(Agilent E4980 Precision LCR Meter, Agilent Technologies) with 
an applied ac voltage of 100 mV. Data points were collected 
every 60 s from room temperature (RT) to 800 °C using a non-
inductively wound tube furnace at a ramping rate of 1 °C min-1. 
Oxygen-ion transport number measurements were performed 
using a Probostat system (NorECs Norwegian Electro Ceramics 
AS, Oslo, Norway). A sample, ~ 1.7 cm in diameter and ~ 0.2 cm 
in thickness, was sealed onto an YSZ tube using a commercial 
glass frit. Before that, Pt electrodes, ~ 1.0 cm in diameter, were 
coated in the centre of the pellet surfaces and fired at 900 °C for 
2 h. An oxygen partial pressure (pO2) difference was created 
across the ceramic by flowing N2 into the YSZ tube and leaving 
the outside of the ceramic in air. The pO2 difference was 
monitored by measuring the voltage across the inner and outer 
electrodes on the YSZ tube. The voltage was measured using a 
Keithley 182 sensitive digital voltmeter. More details of 
transport number measurement can be found in ref.21. 
 
Results 
Phase, composition and microstructure 
        The (NBT)1-x(BA)x  ? ?A?x A䜀  ? ? ? ? ) ƐŽůŝĚ ƐŽůƵƚŝŽŶƐĂƌĞƉŚĂƐĞ-
pure based on XRD, Fig. 1a. An expanded ǀŝĞǁŽĨƚŚĞ ?ɽƌĂŶŐĞ
between 38 and 42° shows the superlattice reflection from a 
rhombohedral structure for all compositions, Fig. 1b. The 
structure could be refined to a rhombohedral cell (space group 
R3c), Fig. 1c. The pseudo-cubic cell volume decreases with 
increasing x, Fig. 1d. The relative density of sintered ceramics 
was > 95%, as listed in Table 1.  
        Although phase-pure by XRD, SEM micrographs of polished 
surfaces of x = 0.07 and 0.08 showed the presence of small 
amounts of an Al-rich secondary phase, Fig. 2a and 2b.  EDS 
analysis on the solid solutions shows the atomic fractions of the 
A-site (Na, Bi) cations are close to their nominal values, Fig. 2c; 
the atomic fraction of Al3+ on B-site slightly deviates from its 
nominal value for x = 0.07 and 0.08 because of the presence of 
the Al-rich secondary phase, Fig. 2d.  
        A typical SEM micrograph of thermally-etched surfaces of 
the solid solutions is shown in Fig. 3a. Average grain size of the 
solid solutions decreases with increasing x, from ~ 10 µm for x = 
0.01 to ~ 1.5 µm for x = 0.08, Fig. 3b. Undoped NBT has smaller 
grains compared to x = 0.01 and 0.02, which may be due to the 
lower sintering temperature (1150 °C) compared to 1175 °C for 
the solid solutions.  
 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (a) Room-temperature XRD patterns of (NBT)1-x(BA)x  ? ?A䜀 x 
A䜀  ? ? ? ? ) ƐŽůŝĚ ƐŽůƵƚŝŽŶƐ ?  ?ď ) ĂŶ ĞǆƉĂŶĚ ǀŝĞǁ ŽĨ ƚŚĞ  ?ɽ ƌĂŶŐĞ
between 38 and 42° showing the superlattice reflection of the  
rhombohedral structure in the rectangle. (c) Rietveld 
refinement of the XRD pattern (as an example) of the solid 
solution member x = 0.04. The open symbols represent the 
observed pattern and the solid line shows the calculated fit. The 
reflection marker for the R3c structure is shown as vertical lines 
with the difference pattern below the diffraction pattern. The 
quality of fit is indicated in the figure. (d) Pseudo-cubic cell 
volume as a function of x. Error bars are within the symbols. 
 
 
        
Table 1. Theoretical, experimental and relative density of 
sintered (NBT)1-x(BA)x  ? ?A䜀 x A䜀  ? ? ? ? )ĐĞƌĂŵŝĐƐ ? 
Composition x Density 
Theoretical 
(g cm-3) 
Experimenta
l (g cm-3) 
Relative 
(%) 
0 6.00 5.72 95.3 
0.01 6.03 5.91 98.0 
0.02 6.05 5.98 98.8 
0.03 6.07 5.95 98.0 
0.04 6.09 5.88 96.6 
0.05 6.12 5.99 97.9 
0.06 6.14 5.87 95.6 
0.07 6.16 6.06 98.4 
0.08 6.18 5.87 95.0 
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Fig.2 (a) and (b) SEM micrographs of polished surfaces of x = 
0.07 and 0.08 showing the presence of a secondary phase 
(indicated by the red circles); the inset table lists the atomic 
percentage of cations from the secondary phase obtained from 
EDS analysis. (c) and (d) atomic fraction of A-site (Na, Bi) and B-
site (Ti, Al) cations obtained from EDS, respectively. Data were 
collected from 5 randomly selected areas on polished surfaces 
(without thermal etching).  
 
 
 
 
 
       
 
 
 
 
 
 
 
 
 
Fig.3 (a) A typical SEM micrograph of a thermally-etched surface 
of a (NBT)1-x(BA)x  ? ?A䜀 x A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶŵĞŵďĞƌ ?x = 0.04 
as an example); (b) average grain size as a function of x. Grain 
size of each composition was obtained by counting the number 
of grains across the diagonal. Error bars were from 5 
micrographs. 
 
 
Raman spectroscopy 
        Room-temperature Raman spectra of (NBT)1-x(BA)x  ? ?A?x A䜀 
0.08) solid solutions are shown in Fig. 4a. The spectrum of NBT 
is consistent with previous reported data 29-32 and the spectra 
of NBT-BA solid solutions show similar features, where broad 
bands are observed due to A-site Na/Bi disorder and 
overlapping Raman modes. Between 100 and 1000 cm-1, there 
are four main regions, from low to high wavenumber, 
attributing to Na-O (~ 135 cm-1), Ti-O (~ 280 cm-1) and TiO6 
octahedral (400  W 1000 cm-1) vibrations/rotations, respectively. 
The spectra can be de-convoluted into eight peaks using 
Lorentzian functions, and the evolution of the peak positions of 
the main modes as a function of x is shown in Fig. 4b. There is 
no clear frequency shift of the Na-O band with increasing x; 
whereas the Ti-O and TiO6 octahedral bands show a systematic 
shift to higher frequency with increasing x. Raman frequency, 
ʘ ?ŝƐĚĞƚĞƌŵŝŶĞĚďǇ PZ k , where k is the force constant and 
µ is the reduced mass based on the harmonic oscillator 
approximation. The ionic radius of Al3+ (0.535 Å, 6-fold co-
ordination) is smaller than that of Ti4+ (0.605 Å, 6-fold co-
ordination), resulting in a shorter bond length and thus a higher 
force constant k. 33 The relative atomic mass of Al (26.98) is also 
lower than Ti (47.87). Because of the smaller ionic size and 
atomic mass of Al, the Ti-O band is shifting to higher frequency 
with increasing x. The TiO6 octahedral bands are dominated by 
vibrations involving mainly oxygen displacement and thus are 
expected to be unaffected by the mass of the cations. The shift 
to higher frequency of these bands is due to an increased force 
constant k caused by the smaller ionic size of Al3+. Raman 
spectra further confirm the formation of NBT-BA solid solutions, 
and the Ti-O band shift to high frequency gives evidence that 
Al3+ goes to Ti-site of NBT as desired.  
 
 
 
 
 
 
Fig. 4 (a) Room-temperature Raman spectroscopy of (NBT)1-
x(BA)x  ? ? A?x A䜀  ? ? ? ? ) ƐŽůŝĚ ƐŽůƵƚŝŽŶƐ ĂŶĚ ƚŚĞ ƐƉĞĐƚƌĂů
deconvolution of Raman spectrum of NBT; (b) evolution of 
Raman peaks near 120, 280, 480, 525 and 580 cm-1 as a function 
of x. The solid lines show the trend. 
 
 
 
Electrical properties 
        Complex impedance plane (Z*) plots of (NBT)1-x(BA)x  ? ?A?x 
A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐŵĞĂƐƵƌed at 600 °C are shown in Fig. 5a-
5c. Z* plot for NBT shows three well-resolved arcs (inset of Fig. 
5a), from high to low frequency, corresponding to responses 
from bulk, grain boundary and electrode effect, respectively. 
This is consistent with our previous report.21, 23 For the NBT-BA 
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solid solutions, Z* plots show the following evolution with 
increasing BA concentration: 1) The magnitude of impedance, 
both for the bulk and grain boundary regions, increases with 
increasing x; 2) the two responses from the bulk and grain 
boundary become less well resolved with increasing x  ? ? ? ? ?A?x 
A䜀  ? ? ? ? )ĂŶĚĞǀĞŶƚƵĂůůǇŵĞƌŐĞŝŶƚŽĂƐŝŶŐůĞĂƌĐĨŽƌx A䠀  ? ? ? ? ?dŚĞ
associated capacitance of the single arc is ~ 7 × 10-11 F cm-1, 
ĐŽƌƌĞƐƉŽŶĚŝŶŐ ƚŽ Ă ƌĞůĂƚŝǀĞ ƉĞƌŵŝƚƚŝǀŝƚǇ  ?ɸr) of ~ 800, which 
agrees with the value for paraelectric NBT materials at this 
temperature. Therefore, the single arc in the Z* plots for x A䠀 
0.06 represents the bulk response. The decreasing resolution 
ĨŽƌƚŚĞƚǁŽĂƌĐƐŽŶ 踀 ƉůŽƚƐĨŽƌ ? ? ? ?A䜀 x ? ? ? ? ?ŝƐĂƚƚƌŝďƵƚĞĚƚŽ
ƚŚĞĐůŽƐĞƌƚŝŵĞĐŽŶƐƚĂŶƚ ?ʏ )ĨŽƌƚŚĞďƵůŬĂŶĚƚŚĞŐƌĂŝŶďŽƵŶĚĂƌǇ
components with increasing x. The impedance data are also 
ƉƌĞƐĞŶƚĞĚ ĂƐ D ? ?-logf spectroscopic plots, Fig. 5d. M, the 
electric modulus and its complex form is defined as M* = 
ũʘ0Z*, wherĞʘŝƐƚŚĞĂŶŐƵůĂƌĨƌĞƋƵĞŶĐǇ ?C0 is the capacitance 
of an empty cell and Z* is the complex impedance. For easy 
ĐŽŵƉĂƌŝƐŽŶ ? D ? ?(the imaginary component of M*) was 
normalized to its peak maximum and it shows a systematic peak 
shift to lower frequency with increasing x. dŚĞ D ? ? ƉĞĂŬ
position, fmax A䄀  ? ? ? ?ʋZ )ŝƐĂŶŝŶƚƌŝŶƐŝc property of a material. As 
C does not show significant change with composition, a peak 
shift to lower frequency indicates a decrease in conductivity 
(and therefore an increases in resistance). 
 
 
 
Fig. 5 Impedance spectroscopy of (NBT)1-x(BA)x  ? ? A䜀 x A䜀  ? ? ? ? )
solid solutions measured at 600 °C in the frequency range from 
1 MHz to 20 Hz. (a)-(c) Z* plots. The inset figure in (a) is an 
expanded view of x A䄀  ? ? ?Ě )D ? ?-logf ƐƉĞĐƚƌŽƐĐŽƉŝĐƉůŽƚƐ ?D ? ?ĚĂƚĂ
were normalized to the peak maximum to illustrate the peak 
shift to lower frequency.  
 
         
        &Žƌ  ? A?x A䜀  ? ? ? ? ? ƚŚĞ ƌĞůĂƚŝǀĞůǇ ǁĞll-resolved impedance 
spectra were fitted by an equivalent circuit of three series-
connected R-CPE elements to obtain the resistances Rb, Rgb and 
Rtot (Rtot = Rb + Rgb ) ?&Žƌ ? ? ? ?A䜀 x A䜀  ? ? ? ? ?ƚŚĞďƵůŬƌĞƐŝƐƚĂŶĐĞǁĂƐ
ĐĂůĐƵůĂƚĞĚ ĨƌŽŵ ƚŚĞ D ? ? ƉĞĂŬ ĨƌĞƋƵĞŶĐǇ ĂŶd peak maximum, 
ĂŶĚƚŚĞƚŽƚĂůƌĞƐŝƐƚĂŶĐĞǁĂƐŽďƚĂŝŶĞĚĨƌŽŵƚŚĞ ?ŝŶƚĞƌĐĞƉƚŽŶ
Z* plots. This is to avoid large errors from equivalent circuit 
fitting due to the less well-resolved impedance responses from 
the bulk and grain boundary components. Rb and Rtot were 
ĐŽŶǀĞƌƚĞĚ ƚŽ ʍb (= 1/Rb ) ĂŶĚ ʍtot (= 1/Rtot) and presented in 
Arrhenius plots, Fig.  ? ?ǁŚĞƌĞƐǇƐƚĞŵĂƚŝĐĚĞĐƌĞĂƐĞƐŽĨʍb ĂŶĚʍtot 
with increasing x can be observed.  
        Activation energies (Ea )ĨŽƌʍb ĂŶĚʍtot are listed in Table 2. 
&Žƌʍb, there is a notable change in the activation energy (Ea) 
with increasing x ?ĨƌŽŵAMAM ?ĞsĨŽƌ ?A䜀 x A䜀  ? ? ? ? ? 销  ? ? ?ĞsĨŽƌx = 
 ? ? ? ? ?  ? ? ? ?ĂŶĚƚŽAN ? ? ?ĞsĨŽƌ  ? ? ? ?A䜀 x A䜀  ? ?ĂĨŽƌʍtot also 
increases with x, from ~ 0.9 eV for x = 0, 1.3 -  ? ? ?ĞsĨŽƌ ? ? ? ?A?x 
A䜀  ? ? ? ?ƚŽƚŽAN ? ? ?ĞsĨŽƌ ? ? ? ?A䜀 x A䜀   ? ? ?
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Arrhenius plots for (a) bulk conductivity and (b) total 
conductivity of the (NBT)1-x(BA)x  ? ? A䜀 x A䜀  ? ? ? ? ) ƐŽůŝĚ ƐŽůƵƚŝŽŶƐ
measured in air. 
 
 
 
Table 2. Activation energies, Ea, for bulk conductivity and total 
conductivity of the (NBT)1-x(BA)x  ? ?A?x A? ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐ ? 
Composition x Ea (eV) 
Bulk Total 
0 0.31 ± 0.03 0.87 ± 0.08 
0.01 0.32 ± 0.02 1.31 ± 0.03 
0.02 0.63 ± 0.02 1.26 ± 0.03 
0.03 1.07 ± 0.01 1.37 ± 0.01 
0.04 1.21 ± 0.03 1.54 ± 0.01 
0.05 1.28 ± 0.01 1.48 ± 0.01 
0.06 1.62 ± 0.02 1.62 ± 0.02 
0.07 1.67 ± 0.01 1.67 ± 0.01 
0.08 1.90 ± 0.01 1.90 ± 0.01 
        
         
         Fig.7 shows the impedance spectra measured in flowing 
nitrogen, air and oxygen for selected compositions showing the 
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effect of pO2. For x = 0.01, the bulk response does not change 
with pO2, as shown by the inset in Fig.7a and the overlapping 
ƉĞĂŬƐŝŶƚŚĞD ? ?-logf spectroscopic plots, Fig. 7b. This suggests 
that the bulk conduction is dominated by ionic species. The 
grain boundary impedance is dependent on pO2: it is lowest in 
N2 and largest in O2, indicating the presence of n-type electronic 
conduction. It is also noteworthy that the low frequency 
electrode spike is most prominent in N2 and least prominent in 
O2, suggesting the presence of oxide-ion conduction. For x = 
0.06, Z* plots show the smallest single arc in N2 and the largest 
arc in O2, Fig. 7c ĂŶĚD ? ?-logf spectroscopic plots show a peak 
shift towards high frequency in N2, Fig. 7d. The low frequency 
electrode spike is still present in N2, as shown in the inset in Fig. 
7c. The pO2-dependent impedance and the low frequency spike 
suggest a mixed ionic-electronic conduction mechanism. 
Conducting species are electrons and oxygen ions. For x = 0.07, 
Z* (Fig. 7e) ĂŶĚ D ? ?-logf (Fig. 7f) plots show similar pO2-
dependence as x = 0.06, however, the low frequency electrode 
spike is less apparent (inset of Fig.7e). This suggests the bulk 
conduction is dominated by an n-type electronic conduction 
mechanism.  
 
 
Fig.7 Impedance spectroscopy of (NBT)1-x(BA)x  ? ?A䜀 x A䜀  ? ? ? ? )ƐŽůŝĚ
solutions at 600 °C in flowing nitrogen, air and oxygen in the 
frequency range from 1 MHz to 0.1 Hz. (a), (c) and (e) Z* plots 
for x = 0.01, 0.06 and 0.07, respectively. Inset in each figure is 
an expanded view of the region in the rectangle. (b), (d) and (f): 
D ? ?-logf spectroscopic plots for x = 0.01, 0.04 and 0.07, 
respectively. The numbers inside each figure indicate the 
ĨƌĞƋƵĞŶĐǇĂƚƚŚĞD ? ?ŵĂǆŝŵĂ ?  
 
 
        Oxygen-ion transport number, tion, at 600 °C for selected 
compositions of x is shown in Fig. 8. tion drops from > 0.9 for NBT 
(x = 0), 0.4  W  ? ? ?ĨŽƌ ? ? ? ?A?ǆA? ? ? ? ?ĂŶĚƚŽAM ? ? ?ĨŽƌǆA䄀  ? ? ? ? ?dŚŝƐ
agrees with the information extracted from Fig. 7. According to 
the classification proposed in our previous study,23 the electrical 
conduction of NBT-BA solid solutions also displays three types 
of behaviour: Type I: tion > 0.85, predominant oxide-ion 
ĐŽŶĚƵĐƚŝŽŶ ? dǇƉĞ // ?  ? ? ? ? A䜀 tion A䜀  ? ? ? ? ? ŵŝǆĞĚ ŝŽŶŝĐ-electronic 
conduction; Type III, tion < 0.15, electronic conduction. 
Incorporation of BA into NBT is an alternative approach to tune 
the electrical conduction mechanism and conductivity of NBT-
based materials as opposed to solely manipulating the A-site 
nonstoichiometry (Na/Bi ratio) or B-site Nb doping.23 
 
 
 
Fig. 8 Oxygen-ion transport number at 600 °C as a function of x. 
 
 
Dielectric properties 
        The permittivity-ƚĞŵƉĞƌĂƚƵƌĞ  ?ɸr  W T) profiles for selected 
compositions of the NBT-BA solid solutions are shown in Fig. 9a. 
The permittivity maximum decreases slightly with increasing x, 
from ~ 3000 for NBT to ~ 2700 for x = 0.07. The temperature 
where permittivity shows its maximum, Tm, also decreases with 
increasing x, from ~ 325 °C for NBT to ~ 290 °C for x = 0.07. 
Incorporation of BA into NBT has a much more significant effect 
on the dielectric loss-temperature profile, Fig. 9b. NBT (x = 0) 
ƐŚŽǁƐĂƐŚĂƌƉƌŝƐĞŽĨƚĂŶɷǁŝƚŚŝŶĐƌĞĂƐŝŶŐƚĞŵƉĞƌĂƚƵƌĞĂŶĚƚĂŶɷ
exceeds 0.2 at ~ 350 °C. In contrast, x = 0.07 exhibits very low 
ƚĂŶɷover a wide temperature range (< 0.02 from 300 to 700 °C). 
Compositions in between x A䄀  ? ĂŶĚ  ? ? ? ? ƐŚŽǁ ůŽǁ ƚĂŶɷ ŝŶ Ă
narrower temperature range and a steep rise above ~ 600 °C, 
exceeding 0.1 at 650 °C.  
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Fig. 9 Dielectric spectroscopy for selected compositions of 
(NBT)1-x(BA)x  ? ?A䜀 x A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐ P ?Ă )ƉĞƌŵŝƚƚŝǀŝƚǇĂƚ ?
MHz versus temperature. The inset figure shows the change of 
Tm as function of x. (b) Dielectric loss (1MHz) versus 
temperature. Type I, II and III behaviour as defined in ref. [23]. 
 
Discussion 
        The electrical conductivity of (NBT)1-x(BA)x  ? ? A䜀 x A?  ? ? ? ? )
solid solutions decreases with increasing x and the conduction 
mechanism changes from predominant oxygen-ion conduction 
via ionic-electronic mixed conduction to predominant 
electronic conduction with a continuous drop of tion from > 0.9 
for x = 0 to < 0.1 for x = 0.07.  Incorporation of BA into NBT 
suppresses the oxide-ion conduction in NBT and makes it an 
excellent high-temperature dielectric material. Possible reasons 
for the suppressed oxide-ion conduction are discussed below. 
        For a single type of charge carriers, the electrical 
conductivity is determined by PV cq , where c, q and µ are the 
concentration, charge and mobility of the charge carriers, 
respectively. As the oxide-ion conduction is suppressed by BA 
incorporation, there is either a decrease in the concentration 
and/or a decrease in the mobility of the oxygen vacancies.  
        The oxide-ion conductivity of NBT originates from the 
oxygen vacancies generated through a small amount of Bi2O3-
loss during ceramic processing as described by Equation 1. Our 
previous study 24 showed that 0.5-1% donor (Nb) doping on B-
site of NBT can fill up the oxygen vacancies and significantly 
decrease the electrical conductivity. Therefore, the oxygen 
vacancy concentration in NBT is estimated to be in the range of 
0.25 - 0.5%, corresponding to a Bi2O3-loss of 0.17 - 0.33%. Such 
a small loss of Bi2O3 ŝƐ  “ĂĐĐŝĚĞŶƚĂů ? ĂŶĚ ƚŚĞƌĞĨŽƌĞ ĚŝĨĨŝĐƵůƚ ƚŽ
control in a reproducible manner.24 With BA incorporation into 
NBT, the defect chemistry can be described by the following 
Kroger-Vink equation: 
x
OTi
x
AA
BiAlOx
O
x
Ti
x
A
x
A OAlBiBiOTiBiNa 6262
'2 3  o xx , (2) 
where we have used the subscript A to denote the disorder of 
the Na and Bi ions on the A-site of the NBT lattice. Incorporation 
of BA into NBT does not induce any additional oxygen vacancies 
or create any additional oxygen ions and can therefore be 
ĐŽŶƐŝĚĞƌĞĚ ĂƐ Ă  ‘ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ? ĚŽƉŝŶŐ ŵĞĐŚanism. Oxygen 
vacancies in the NBT-BA solid solutions are only generated by 
Bi2O3-loss during ceramic processing. Consequently, the oxygen 
vacancy concentration in the solid solution is not completely 
controllable and should therefore occur at a randomly low level, 
which is very unlikely to result in a systematic decrease of 
conductivity with increasing x. Therefore, a significant change in 
the oxygen vacancy concentration, if there is any, is not the 
dominant factor for the suppressed oxide-ion conduction in the 
NBT-BA solid solutions. It is more reasonable therefore to 
attribute the suppressed oxide-ion conduction on BA 
incorporation to increased trapping of the residual oxygen 
vacancies, as discussed below. 
 
Average structure 
        From general structure considerations, oxide-ion 
conductivity in a perovskite is often predicted by the following 
four empirical parameters:  
1) Goldschmidt tolerance factor, t 34 
   OBOA rrrrt  2 ,                                   (3) 
where rA and rB are the average ionic size of the A- and B-site 
cation(s) (12- and 6-fold co-ordination, respectively); rO is the 
ionic size of oxygen ion (6-fold co-ordination, rO = 1.40 Å). 
2) The lattice free volume, Vsf 35   VVVV ionsf ¦ ,                                      (4a) 
where V and Vion are the volume of the unit cell and the volume 
of each constituent ion, respectively. V can be estimated by 36 
          > @3140.172.215.2  srV B ,                  (4b)                      
where 
   OAOB rrrrs  */2 ,                               (4c) 
where rA* is the ionic radius of the A-site cation in 8-fold co-
ordination (not 12). 
3) The critical radius, rC, defined by Kilner and Brook 36 
      0
22
00
22
275.0
arr
rrraa
r
BA
BAB
C 
 ,                    (5)                      
where a0 is the pseudo cubic lattice parameter. 
4) The average metal-oxygen bond energy, Eb, derived via 
a Born-Haber cycle 37 
¹¸
·
©¨
§ ''
¹¸
·
©¨
§ '' 
2
2
1
6
1
1
12
1
OBOB
OAOAb
D
n
HmH
m
D
n
HmH
m
E
nm
nm ,          (6) 
where and are the heat of formation of the AmOn and BmOn 
ŽǆŝĚĞƐ ?ƌĞƐƉĞĐƚŝǀĞůǇ ?ȴ,A ĂŶĚȴ,B are the heat of sublimation of 
the metals A and B, respectively, and DO2 is the oxygen 
dissociation energy. 
         The tolerance factor, t, describes the lattice distortion in 
the perovskite structure. A small t represents large lattice 
distortion and thus is detrimental to oxide-ion conduction.38 
The specific free volume, Vsf, describes the free space inside a 
unit cell and a large Vsf is beneficial for migration of oxygen ions. 
Hayashi et al. 35 summarized the electrical conductivity data 
from literature and found an optimum t of 0.96 to obtain 
maximum conductivity in perovskites. They attributed the 
maximized conductivity to a compromise between t and Vsf. The 
critical radius, rC, describes the saddle point formed by two A-
site and one B-site cations. The larger rC, the easier it is for 
oxygen ions to pass through the saddle point. The average 
metal-oxygen bond energy, Eb,, was found to have a linear 
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relationship with the activation energy for oxygen migration: 
the smaller absolute Eb, the lower activation energy. 37 
        The values of these four parameters of the NBT-BA solid 
solutions were calculated and listed in Table 3. Thermodynamic 
data of corresponding oxides and metals used to calculate Eb 
were obtained from Ref.39. With increasing BA content, Vsf, and 
rC decrease while t and the absolute value of Eb increase. These 
are all detrimental to oxide-ion conduction in perovskites. 
However, it should be noted that the change of these 
parameters with increasing x is quite small. Such a small change 
in the average structure is unlikely to result in such a dramatic 
change in conductivity.  
 
 
 
Table 3. Tolerance factor t, specific free volume Vsf, critical 
radius rC and average metal-oxygen bond energy Eb of (NBT)1-
x(BA)x  ? ?A?x A? ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐ ? 
x t Vsf rC (Å) Eb (kJ mol-1) 
0 0.9841 0.2012 0.9074 -240.24 
0.01 0.9845 0.2006 0.9072 -240.33 
0.02 0.9848 0.2000 0.9069 -240.43 
0.03 0.9851 0.1995 0.9066 -240.52 
0.04 0.9855 0.1989 0.9063 -240.61 
0.05 0.9858 0.1984 0.9061 -240.70 
0.06 0.9862 0.1978 0.9058 -240.79 
0.07 0.9865 0.1972 0.9055 -240.88 
0.08 0.9869 0.1967 0.9052 -240.97 
 
 
 
Local structure 
         Compared to the average structure, the local structure has 
a more significant impact on the oxygen ion diffusion in NBT, as 
revealed by first-principles calculations.40-42 These calculations 
showed the lowest energy barriers for oxygen ion migration 
occur in saddle points between Bi-Bi-Ti ions (0.22 eV), whereas 
higher barriers are observed for Na-Bi-Ti (0.6 - 0.85 eV) and Na-
Na-Ti (1.0  W 1.3 eV) saddle points. Experimentally there is no 
evidence for long range ordering of the A-site cations in NBT and 
therefore the Na-Bi-Ti saddle points are considered as the rate-
limiting step in the overall oxygen ion migration in NBT. For 
NBT-BA solid solution, there is no evidence for A-site cation 
ordering with BA incorporation: no additional XRD peaks or 
sharpening of Raman peaks were observed. Instead, the peak 
width of the ~ 135 cm-1 band (Na-O vibration) increases with 
increasing x, as shown in Fig.10. Consequently, the Na-Bi-Ti(Al) 
saddle points are considered to dominate the energy barrier for 
oxygen ion migration. As Al3+ is much smaller than Ti4+ and its 
ƉŽůĂƌŝǌĂďŝůŝƚǇŝƐŵƵĐŚƐŵĂůůĞƌ ?ŝ ?Ğ ?ɲAl = 0.79 Å3 43 compared to 
ɲTi = 2.93 Å3 43, it is more difficult for oxygen ions to pass through 
the Na-Bi-Al saddle point. With increasing x, the number of Na-
Bi-Al saddle points increases and therefore the oxygen ion 
mobility is decreased. However, as the polarizability of Bi3+ (6.12 
Å3 43) is much higher than Ti4+ and Al3+, local deformation at the 
saddle point when an oxygen ion is passing through should 
come mainly from Bi3+. The low polarizability of Al3+ may not be 
the determinant factor for the suppressed conductivity. 
         To further understand the importance of ionic radius and 
polarizability of the B-ƐŝƚĞ “ĚŽƉĂŶƚ ? ? (NBT)1-x(BiGaO3)x (BG, x = 
0.02, 0.04, 0.06 and 0.08) solid solutions were prepared. NBT-
BG shows very similar behaviour as NBT-BA: the bulk 
conductivity also decreased with increasing x (unpublished 
results). Ga3+ has comparable size (0.62 Å, 6-fold co-ordination) 
with Ti4+, indicating the ionic size not to be a critical factor.  
        The decreased mobility of charge carriers can originate 
from trapping of oxygen vacancies. As also revealed in Ref.41, 
substitution of Ti4+ by acceptor-type dopants (e.g., Mg2+) may 
significantly increase the oxygen migration barrier due to 
binding between negatively charged ''TiMg  and positively 
charged xx
OV , even at temperatures > 1000 K. In the case of NBT-
BA solid solution, '
TiAl can trap
xx
OV to form defect complex xxx OTi VAl ' , which reduces the mobility of xxOV and thus 
decreases the ionic conductivity. The concentration of '
TiAl  
required to trap all xx
OV for each composition (based on 
formation of only the defect complex  xxx OTi VAl ' ) was 
estimated by > @ > @ xVAl OrequiredTi xx '  and listed in Table 4. When 
the BA content is low, i.e., x = 0.01, to trap 0.5% xx
OV , 50% of the 
B-sites must be occupied by Al3+, which is much higher than the 
actual Al3+ occupancy (1%). The possibility of trapping xx
OV  is 
low; therefore the mobility of xx
OV  remains high. With increasing 
BA content, the > @
requiredTiAl
'  decreases significantly and the 
difference between > @
requiredTiAl
'  and the actual > @'TiAl  becomes 
smaller. The possibility of trapping xx
OV becomes higher with 
increasing x, and consequently the mobility of xx
OV decreases 
and there is a significant increase in Ea for the bulk conduction 
across the solid solution. For x A䜀  ? ? ? ? ?> @
requiredTiAl
' > > @'TiAl  (based 
on > @xxOV = 0.5%), xxOV are not fully trapped, therefore there is still 
a contribution from the oxide-ion conduction and the materials 
remain as mixed conductors. For x = 0.07 and 0.08, > @
requiredTiAl
'  A䜀 
> @'TiAl , all xxOV can be trapped by Al3+ ?dŚŝƐĂŐƌĞĞƐǁŝƚŚƚŚĞʍ Wx 
and tion  W x relationships as shown in Figure 6 and 8 and with the 
effective concentration of Al traps available (> @ > @ > @
requiredTiTieffectiveTi AlAlAl
'''  ) as a function of x, Table 4. 
Therefore, trapping of xx
OV is a more important factor for the 
suppressed oxide-ion conduction in the NBT-BA solid solution. 
Although recent density-functional-theory (DFT) calculations 44 
suggest that association of ''
TiMg and 
xx
OV  in Mg-doped NBT is 
significant only at low temperature range (i.e., < 400 °C), it is 
possible that '
TiAl has a stronger ability to trap 
xx
OV as the Al-O 
binding strength (~ 502 kJ mol-1 45) is significantly higher than 
that of Mg-O (358 kJ mol-1 45) and therefore the  xxx OTi VAl '  can 
be stable at higher temperatures. 
        Pinning of the oxygen vacancies by grain boundaries may 
be another possibility and/or an additional factor that 
contributes to the reduced mobility of the oxygen vacancies in 
the ceramics. Fig.3b shows the grain size decreases with 
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increasing x, therefore the number of grain boundary increases 
with increasing x and consequently a higher chance to pin 
oxygen vacancies. Grain boundaries have much more 
complicated defect chemistry than the bulk and therefore need 
further investigation.  
 
 
 
Fig. 10 Peak width of the ~ 135 cm-1 band as a function of x in 
(NBT)1-x(BA)x  ? ?A䜀 x A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐ ? 
 
Table 4 Concentration of xx
OV (estimated value according to ref. 
[24]), '
TiAl in (NBT)1-x(BA)x  ? ? ? ? ?A䜀 x  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐ ?ĂŶĚ
the concentration of '
TiAl required to trap all 
xx
OV .  
x > @xxOV   
(%) 
> @'TiAl  
(%) 
> @
requiredTiAl
'  
(%) 
> @
effectiveTiAl
'  
(%) 
0.01 0.25  W 0.5 1 25 - 50 2  W 4 
0.02 0.25  W 0.5 2 12.5 - 25 8  W 16 
0.03 0.25  W 0.5 3 8.33 - 16.67 18  W 36 
0.04 0.25  W 0.5 4 6.25 - 12.5 32  W 64 
0.05 0.25  W 0.5 5 5 - 10 50  W 100 
0.06 0.25  W 0.5 6 4.17 - 8.33 72  W 100 
0.07 0.25  W 0.5 7 3.57 - 7.14 98  W 100 
0.08 0.25  W 0.5 8 3.13 - 6.25 100 
 
 
Na/Bi ratio 
        Our previous studies 22, 23 show the electrical conductivity 
and bulk conduction mechanisms of NBT are highly sensitive to 
low levels of A-ƐŝƚĞŶŽŶƐƚŽŝĐŚŝŽŵĞƚƌǇ ?tŚĞŶEĂ ?ŝA䠀  ? ?ŝ ?Ğ ? ?EĂ-
rich or Bi-deficient, NBT is predominantly an oxide-ion 
ĐŽŶĚƵĐƚŽƌǁŝƚŚŚŝŐŚʍb (> 1.0 × 10-3 S cm-1 at 600 °C); when Na/Bi 
< 1, i.e., Bi-rich or Na-deficient, NBT exhibits predominantly 
ĞůĞĐƚƌŽŶŝĐĐŽŶĚƵĐƚŝŽŶǁŝƚŚǀĞƌǇůŽǁʍb (~ 2.0 × 10-6 S cm-1 at 600 
°C). As shown in Fig. 11, a dramatic change in bulk conductivity 
of around three orders of magnitude is observed at the vicinity 
of Na/Bi = 1 at 600 oC due to this switch in conduction 
mechanism. The bulk conductivity of the NBT-BA solid solution 
also shows a dependence on the Na/Bi ratio, Fig. 11. In contrast 
to the sharp change observed for undoped NBT, a continuous 
drop of conductivity with decreasing Na/Bi ratio is observed, 
which is attributed primarily to defect association as mobile xx
OV
become increasing trapped with increasing Al-content in the 
solid solution.  This result indicates that a Bi-rich, A-site 
environment is not necessarily good for the oxide-ion 
conduction even though the polarizability of Bi3+ is high. 
Trapping of oxygen vacancies by B-site acceptor-type dopants 
plays a more important role in the oxide-ion conduction of NBT-
based material, even at high temperatures.  
 
 
 
 
Fig. 11 Effect of A-site Na/Bi ratio on the bulk conductivity of 
(NBT)1-x(BA)x  ? ? A䜀 x A䜀  ? ? ? ? ) ƐŽůŝĚ ƐŽůƵƚŝŽŶƐ  ?ƚŚŝƐ ǁŽƌŬ ) ?
Na0.5+yBi0.5TiO3 (y = -0.01, 0, 0.01) 22 and Na0.5Bi0.5+zTiO3 (z = -
0.02, -0.01, -0.005, 0, 0.005, 0.01) 23.  
 
Conclusions 
        (NBT)1-x(BA)x  ? ?A? x A䜀  ? ? ? ? )ƐŽůŝĚƐŽůƵƚŝŽŶƐǁĞƌĞƉƌĞƉĂƌĞĚďǇ
solid state reaction and their electrical properties studied by ac 
impedance spectroscopy and electromotive force transport 
number measurements.  Incorporation of BA decreases the 
electrical conductivity of NBT and changes the conduction 
mechanism with increasing x from predominant oxide-ion 
conduction (type I), to mixed ionic-electronic conduction (type 
II) and finally to predominant electronic conduction (type III). 
The suppression of oxide-ion conductivity significantly reduces 
the dielectric loss at elevated temperatures and consequently 
transforms the NBT-BA solid solution higher end members into 
excellent high-temperature dielectric materials. The suppressed 
oxide-ion conduction with increasing BA content is attributed 
mainly to a decrease of oxygen vacancy mobility associated with 
Al acceptor trapping. Although we cannot rule out the influence 
0.84 0.88 0.92 0.96 1.00 1.0410
-6
10-5
10-4
10-3
10-2
(NBT)1-x(BA)x
Na0.5Bi0.5+yTiO3
Na0.5+zBi0.5TiO3
 
 
V b 
/ S
 cm
-
1
Na/Bi ratio
600 qC
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of grain boundaries as a source trapping centres, the close 
correlation between the expected oxygen vacancy 
concentration and the level of BA doping (see Table 4 for 
details) provides compelling evidence for an alternative 
approach to fine tune the electrical conductivity and conduction 
mechanism of NBT, viz.  the trapping of oxygen vacancies using 
B-site acceptor dopants (i.e. Al3+) as opposed to the filling of 
oxygen vacancies using B-site donor dopants (i.e. Nb5+). This 
study also reveals the importance of local structure, especially 
defect association, on the oxide-ion conduction mechanism(s) 
in NBT-based materials.  
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